We numerically and analytically investigate the voltage controlled spin wave (SW) propagations in a nanowire with locally manipulated perpendicular magnetic anisotropy (PMA) by applying an electric field. It is shown that the velocity and wavelength of the propagating SWs are tailored by the modified PMA, which can be locally controlled by the external electric field. First, we observe a phase shift when the propagating SWs pass through the area of locally modified PMA. By introducing phase control of the SWs, we finally propose a three terminal SW device. Constructive/destructive interferences of two propagating SWs are controlled at the detecting area by the voltage controlled phase shift.
1
Spin wave (SW) always exists in magnetic systems at the finite temperature and has been investigated as fundamental research topics in the magnetic systems 1 . Of particular importance are the wave properties of the SWs such as reflection, transmission and interference [2] [3] [4] .
SW based spintronic devices for ultrafast data processing, e.g., SW-based logic gates, have been numerically and experimentally realized by using the Mach-Zender type SW interferometer 5, 6 . In Ref. 5 , the functionality of SW logic device has been experimentally demonstrated with yttrium iron garnet (YIG) waveguides, but YIG is not compatible with standard silicon integrated circuit technology. Recently, the propagating SW induced magnetic domain wall (DW) motion has been theoretically and numerically demonstrated [7] [8] [9] [10] . Although it is a new concept to manipulate DWs, it has not been experimentally demonstrated and it is not compatible for spintronic devices due to extreme low DW propagation velocities 9, 10 . On the other hand, recently, it has been reported that PMA can be controlled by an applied electric field due to the charge accumulations at the interface between metallic and oxide layers. It is able to open a new way to fabricate ferromagnetic field-effect devices [11] [12] [13] [14] [15] . In this point of view, we are curious whether the wave properties of the propagating SWs can be also manipulated by controlling PMA due to charge accumulations or not. If a velocity of the propagating SW can be controlled by the electric field, it would be able to fabricate a radically different ultrafast SW logic device since the propagating velocity of the SW in a magnetic nanowire is higher than a few km/s 2,16 .
In this Letter, the wave properties of the propagating SW in a magnetic nanowire with locally controlled PMA values are analytically and numerically investigated by performing the micromagnetic simulations with the Object-Oriented MicroMagnetic Framework (OOMMF) 17 . According to our micromagnetic results, the propagating SWs velocities are changed by the PMA modulations. By changing PMA within a local area, we clearly observe a phase shift in the electric field region since the SW characteristics are changed as a function of the magnitude of PMAs. In other words, the SW dispersion relation is a function of the SW energy including the PMA. Finally, we propose a three terminal SW device that one can observe a destructive interference between two propagating SWs when the phase of one of two propagating SWs is changed by the electric field (or gate voltage). Since just few percentage changes of PMAs are enough to make significant phase shifts, this mechanism opens a new way to fabricate radically superior SW logic devices. 
where M is the vector of local magnetization and γ is the gyromagnetic ratio. H ef f is the effective field, which is composed of the exchange, anisotropy, magnetostatic, and external field. In order to generate monochromatic propagating SWs, we apply a strong harmonic This change of the propagating SW characteristics by the PMA value can be understood from the dispersion relation for the PMA system with a confined geometry 1 :
where, ω res is the resonance frequency, H 0 is the in-plane applied field, K u is the PMA energy, µ 0 is the permeability of the vacuum, and N x , N y , and N z are demagnetization factors for x, y, and z axes, respectively. Now, we ignore the dipolar SW interaction (Damon-Eshba mode) 21 and assume that PMA values are linearly changed with the electric field E, K u =
By using a first order approximation, we can obtain a simple expression between PMA value and the wavevector of the propagating SWs:
It should be noted that the SW frequency does not change with the variation of the PMA in Eq. 3. This fact indicates that the wavevector of the propagating SW decreases with a higher PMA due to applying electric field as shown in Fig. (b) . And we find that the SW velocity increases with the increasing PMA value (or electric field with an assumption of positive ∆k u ) in Eq. 3. Therefore, we convince that the velocity of the propagating SW increases with increasing wavelength. Fig. (a) shows the M x /M s value with two different times (∆t = 0.02 ns) and we now determine the velocity of the SW (v SW = ∆x/∆t). In Finally, we can propose a three terminal SW device with PMA manipulation by a localized applying electric field. Fig. (a) shows the schematic configuration of the three terminal SW device. Two parallel ferromagnetic nanowires (100 nm width and 100 nm spacing) are shown here and these nanowires are merged after x = 800 nm. The total length of the nanowire is 2000 nm. The localized oscillating field (B osc = 100 mT) is applied at x = 200 nm (SW source), with f H = 13 GHz. The yellow area (400 nm < x < 700 nm) indicates the localized electric field and the SW is measured at x = 1800 nm. Now, we change the strength of the PMA from 0.90 K u to 1.10 K u on the electric field area. In Fig. (b) , two propagating
SWs are constructively (in-phase) with PMA 1.00 K u interfered due to the symmetry of the system. On the other hand, for the cases of PMA with 0.96 K u and 1.03 K u , two SWs are destructively (out-of-phase) interfered since the phase shifts between two propagating SWs are almost π (See Fig. (b ∼ d) ). The underlying physics are exactly same with the optical interferences. The key idea of our present work is the phase shift due to the locally manipulated SW wavelengths, or velocity, which is controllable by the external electric field. new logic devices based on propagating SWs.
In conclusion, we analytically and numerically investigate the SW logic devices based on the electric field control PMA. We observe that the wavelength and velocity of the propagating SW can be controlled by the locally manipulating PMA, and consequently a controllable phase shift (and interference) is introduced with the electric field in a specific area. The analytical expression reveals that the wavevector of the propagating SWs are changed with the strength of the PMA. By introducing this electric field controlled PMA mechanism, we finally propose a three terminal SW device. In the proposed device, the amplitudes of the propagating SWs are well controlled by the constructive/destructive interferences which are manageable by the external local electric field. 
